'H N M R Spectra, l3C NM R Spectra, Crystal Structure, Indolyl(alkoxy)carbenium Tetrafluoroborates
Introduction
The regiospecific electrophilic substitution of 3-unsubstituted indoles I functioning as heterocyclic enamines represents one of the most thoroughly in vestigated fields of indole chemistry with regard to preparative and mechanistic aspects [1 -6 ] (Scheme 1). The regiochemistry (selective 3-substitution) can be predicted by means of, for example, the excellent stabilization of the transition state in the reaction of I to form the a-complex II [4] , In the course of electrophilic substitution reactions of 3-unsubstituted indoles I with particular electrophiles, the interm ediate II can, in addition to the formation of III, also undergo stabilization through a selective 1,2-elimination to form V via IV in those cases where a leaving group 'R 'H ' is introduced by way of the electrophile (El in IV = X R '3). The excellent stabili zation of a cationic center by a 3-indolyl moiety, such as in V, has now been clearly established by num er ous examples [7] [8] [9] ,
We have already reported the first preparations of a series of previously unknown 3-indolyl(alkoxy)carbenium tetrafluoroborates 2a-2f' as thermally stable, crystalline compounds by reactions of ortho esters or dialkoxycarbenium tetrafluoroborates with 3-unsubstituted indoles l a -Id [10] [11] [12] [13] (Scheme 2). Up to date, we have only described the preparative aspects and reactivities of these am bident, highly stabilized carbenium ions. In the present paper, we now report on a 'H and 13C NMR spectroscopic in- vestigation of the structure (conform ation, config uration. charge distribution) of 2. In one case, and as a representative example of this new class of com pounds. we have also been able to carry out an X-ray diffraction study to analyse the conformation (or configuration) of the compounds in the crystal state.
Results and Discussion
1H and /?C N M R spectroscopic investigations o f com pounds 2 The cations of 2 can, in principle, exist as mixtures of E E -and E Z -conformers with an almost coplanar N O E measurem ents carried out in the region of the slow exchange indicate that equilibrium mixtures of the E E -and E Z -isomers are present in these cases. As can be seen from considerations of Biichi-Dreiding models, the populations of the two conformers are sufficiently large with respect to the 'H NM R limits of detection as a consequence of the steric in fluence of the indole 2-methyl group (R 2) (E E /E Z ratio for 2 c ,2 c ', 2d ,2d ' is approx. 1 :1 , for 2 f,2 f' approx. 2 :1 ).
With the aid of the Eyring equation [14] , the b ar rier to rotation about the exocyclic C 3/C 1' bonds in the unsymmetrical trimethine-cyanine partial struc tures of the respective isomeric mixtures 2 c ,2 c', 2d ,2 d ', and 2f,2 f' can be estimated from the coalescence tem peratures Tc obtained by tem pera ture dependent 'H NM R measurements (Table II) . The lower barrier to isomerization calculated for 2f,2 f' in comparison to 2c,2c' and 2d ,2d ' should, in the case of 2 f,2 f', be caused by a + M effect of the phenyl group which results in a reduction of the ttbond contribution to the exocyclic C 3/C 1' bond.
The most simple, experimental estimation of the extent of the charge delocalization in 2 and the resul tant jr-electron density at the C l'-c e n te r should be achieved by determ ination of the shift values of the carbon atoms of the conjugated trim ethine chain in the 13C NMR spectra [15, 16] . It is known that 13C NMR data respond strongly to changes in the charge density and are influenced to a lesser degree by diamagnetic ring current effects [17] . The 13C NMR shifts of the carbon atoms of the trim ethine chains of 2 a -2d' are given in Table III (the assignments were made with the aid of fully coupled and /-m odulated spin-echo spectra). A t a m easurem ent tem perature of 20 °C, double sets of signals are also observed for the cations of 2c,2c' and 2d ,2d ' in the 13C NMR spectra (in the case of 2 f,2 f', however, only at -55 °C). The hyperconjugative influence of the in dole methyl group at C2 in 2 c-2d' exerts an effect Table III on the chemical shifts of the C l'-c e n te rs. When the recognized relationship between 13C NM R chemical shifts and the relative charge densities at cationic centers is applied [16, 17] , in these cases a decrease in the positive charge (qrC +) at C T with the increasing introduction of methyl groups on to the indole skele ton is observed as a result of hyperconiugative effects (Table III) . The 13C NM R spectra of the phenyl-substituted cations of 2 e and 2 f,2 f' (C T of 2e = 193.1 ppm, of Table IV The influence of the + M effect of the phenyl group on the charge density at C 1 ' is relative ly small in comparison to that of the methyl-substi tuted cations. Considerations of Büchi-Dreiding molecular models show that a fully coplanar arrange ment of the phenyl rings in 2 e , 2 f,2 f' to the trimethine chains should be rendered difficult by steric effects (see also the X-ray structural analysis of 2e). It is known that the 7r-bonding order of 7r-systems (e.g ., the H 3C -Ca=C/3-system) can be calculated on the basis of the /3-effect of methyl groups on the 13C NM R chemical shifts of neighbouring carbon atoms using the simple relationship [18] :
The estimated ;r-bond orders (PT) of the indole C2/ C3 bonds of 2 thus estim ated from the shift differ ences are given in Table IV . In comparison to the value for indole, the double bond character of the indole 2/3 bond in the cations 2 is reduced as a conse quence of the mesomerism of the trimethine-cyanine structure. Of the series of indolyl-stabilized carbenium ions 2 , we were able to obtain 2 e in the form of single crystals and, therefore, were able to carry out the first X-ray crystal structure analysis of a representa tive of this class of compounds. The crystal and ex perim ental data are compiled in Table V, the result  ing atomic param eters in Table V I, and bond lengths  and angles in Table VII*. The cation of 2 e in the crystal state exhibits axial chirality and exists exclusively in the E E -basic con figuration; this is in good agreem ent with the low tem perature 'H NM R m easurem ents and an NOE experiment.
The cation of 2 e exists in racemic form; the entire indole moiety and the CIO atom are practically in a plane (maximum deviation 0 .0 1 2 Ä ), from which the O -atom , however, protrudes by 0.295 Ä from the side opposite to C17, while the methyl C l l atom lies only 0.089 Ä above this. The phenyl ring is tilted to this plane by 60.0(1)°. The torsional angle C 3 -C 10-C 12-C 17 am ounts to 50.7(4)°; thus, the m ajor contribution to the interplanar angle is attri buted to a twisting about the C IO -C 12 axis and the rest to a tilting of the C 1 0 -C 12 bond by 9.5(2)° away from the indole plane. This bond, in turn, is bent only by 2 .0 (2 )° away from the phenyl plane on the C3 side. The axial chirality of the cation in the crystalline state is attributable to a propeller conformation [19] . The reference plane of the propeller is form ed, ac cording to Mislow [19] , by the atoms C3, CIO, C12, and O. The phenyl group is twisted by 50.7° with respect to this plane and the indole moiety by 11°. In the mesomeric trimethine-cyanine chain, the NI-C2, C 3 -CIO, and CIO-O bonds are signifi cantly shortened (Table VII) and thus exhibit a con siderable am ount of double bond character. In con trast, the C2-C3 bond in 2 e is noticeably longer than that in the parent indole (C2-C3= 1.34 Ä) [6 , 20] . Thus, the X-ray structural analysis confirms the lower jr-bonding o rder of the C2-C3 bond in this cation 2e as already estim ated from the 13C NM R chemical shifts (Table IV) .
Experimental
Procedures for the preparation and further physi cal data of compounds 2 (yields: 25-90% ) are given in Refs. [10] [11] [12] [13] 27] . NM R spectra: Bruker W H 90, Bruker AC 200, Bruker WM 400 spectrom eters; 13C NM R spectra: Bruker WM 400 ((3 scale, TMS as internal standard).
The crystallization of 2e was achieved by allowing the m other liquor in dichloromethane/diethyl ether to stand for 1 0 weeks.
Experimental details of the performance of the X-ray structural analysis are given in Table V. We thank the Deutsche Forschungsgemeinschaft (Bonn) and the Fonds der Chemischen Industrie for financial support of this work.
